Abstract -The natural radioactivity of some building materials commonly used in the city of São Paulo was measured by gamma ray spectrometry. The radium equivalent concentration and the gamma absorbed dose rate in air were estimated as well as the internal and external hazard indices. The results indicate that these materials are not a major source of exposure.
INTRODUCTION
Knowledge of the natural level of radioactivity is important to evaluate the gamma ray exposure contribution from building materials. The main contributors to the indoor dose are the members of 238 U and 232 Th decay series and 40 K. These radionuclides are widely dispersed in the environment and their concentrations have a broad range from one place to another. They are the main source of radiation in soils and rocks from which traditional building materials are derived. During recent years, surveys on the radionuclide concentration in building materials have been carried out in many countries (1) (2) (3) (4) (5) . Recently, Malanca et al (6, 7) determined the content of natural radioactivity in some samples from Rio Grande do Norte (RN) and Espírito Santo (ES), both States located on the Brazilian Atlantic coast. The RN State is 2100 km to the north of ES. São Paulo State (SP) lies 850 km to the south of ES. São Paulo city is the most important Brazilian economic centre, with about 10 million inhabitants. There are no reported anomalies in SP and RN whereas ES has a belt of monazite sand along its coast. In this work, 26 samples of building materials and three soil samples from São Paulo city were analysed by gamma ray spectrometry in order to determine their natural radioactivity. To evaluate their contribution to the natural exposure, simple formulae of exposure rate and dose limitation were used.
EXPERIMENTAL PROCEDURE
The samples of building materials were obtained from local suppliers. Soil samples were collected in order to gain some information about the environment. The concentration of natural radioactivity was measured with an HPGe detector coupled to an amplifier and to a multichannel analyser. The large volume samples were crushed into pieces 1 cm 3 at maximum. All samples were dried for 24 h in an air circulation oven at 110°C. The counting geometry was a Marinelli beaker with 850 ml of sample that was sealed four weeks before the measurement in order to prevent radon loss and to allow time for the radon daughters to reach equilibrium. Sample masses varied from 750 g to 1200 g. The gamma ray spectra were measured in the 50 keV to 2800 keV energy range during 50,000 s. Background correction was accounted for by measuring a water sample in the same geometry since the sample shields the detector from the background radiation.
The detection efficiency curve was calculated for water in the same geometry and it was used for all samples. In order to estimate the self-absorption effect in the counting efficiency, a point source of 152 Eu was placed at the centre of the beaker lid and measured for the beaker filled with water and with the building material. The linear attenuation coefficient was determined as:
where and w are the linear attenuation coefficients for the material and water, respectively; x = 3.8 cm is the sample thickness measured from the bottom of the Marinelli (at top of detector) to the height of the beaker corresponding to 850 ml. A w and A are the net areas of the peaks, corresponding to the same energy, in the gamma spectrum of the water and material, respectively. The self-absorption was calculated as (1 − e −x )/x. Light materials and water showed the same self-absorption, within the statistical error. For the heavier materials the self-absorption was estimated to be 13% and 7% greater than that for water, at 295 keV and 1460 keV, respectively. In the worst case, x was found to be 0.76. Since x Ͻ 1, the build-up factor was neglected. Although this approach does not represent the whole Marinelli beaker geometry, it is useful to estimate the systematic error of the measurement when the efficiency curve for water is used for other materials.
In order to verify the radon escape after samples were heated and sealed in the beakers, some samples were measured weekly for one month. Only variations within the statistical counting fluctuation were observed which indicates that the emanation power of these materials and the radon escape are not high enough to be detected. 27.8 ± 1.1 62.4 ± 2.9 897 ± 34 22.4 ± 0.9 77.0 ± 3.4 778 ± 30 22.4 ± 0.9 27.8 ± 1.7 625 ± 24 Calcareous silicon block 9.9 ± 0.5 26.4 ± 1.5 26.6 ± 2.7 Sand 33.5 ± 1.0 70.2 ± 1.7 417 ± 17 26.7 ± 0.9 51.7 ± 1.3 402 ± 16 5.7 ± 0.5 13.2 ± 0.7 109 ± 11 25.1 ± 1.8 46.3 ± 1.7 442 ± 42 15.7 ± 1.1 13.5 ± 0.7 53 ± 5 37.7 ± 2.4 78. Table 2 shows the range of the activity concentration measured in building materials from Brazil and other places. These values are the arithmetic mean of the content measured in different materials. Some materials from the ES State showed a high natural radioactivity content which suggests that monazite sand was occasionally mingled with lime in order to produce plaster and mortar (7) . Samples of granite from RN State showed high 232 Th concentration (6) . The higher content of 226 Ra in Bangladesh was measured in sand samples (4) . Finnish building materials showed higher 226 Ra content in by-product gypsum (5) . The activity concentration of building materials can be compared using their radium equivalent activities. This index was defined using the estimation that 370 Bq. , respectively. The radioactivity content can also be used to estimate the external radiation exposure. The gamma ray exposure rate in air, at 1 m above an infinitely extended and thick slab, due to 238 U, 232 Th series and 40 K uniformly distributed in the material, is given by (8) :
where X · is the exposure rate (R.h ) and for activity (Bq), the estimated absorbed dose rate in air (in nGy.h ) and to reduce the acceptable maximum concentration of radium to half the normal limit, critierion formulae have been proposed (1) (with current units): The external hazard index varied from 0.09 (sand) to 0.78 (aggregate; 0.80 for soil). The internal hazard index varied from 0.10 (sand) to 0.89 (aggregate; 0.96 for soil). The hazard indices are always lower than unity. The arithmetic mean of the activity concentration and the corresponding radium equivalent activity, absorbed gamma dose rate and hazard indices are shown in Table 3 , for each type of material. It can be seen that, on average, the exposure due to local soil is greater or approximately equal to those due to local building materials. Taking into account that in São Paulo city the temperature usually ranges from 10°C (winter) to 35°C (summer) and the structures are well ventilated, which reduces the indoor radon concentration, these results indicate that such materials are not a major source of exposure.
